Abstract. We use borehole breakouts in nonvertical drill holes to constrain the directions of the three principal stresses and their relative magnitudes. In this paper we start by modifying previously published breakout selection criteria to work with highly deviated borehole data. We present a forward modeling technique using genetic algorithms and a nongradient N-dimensional optimizer to find the best fitting stress state for a set of breakout data. The stress state is parameterized by three Euler angles and the stress state ratio •b. A technique is developed to determine the 95% confidence weighted misfit between a model and the data. We then map out the 95% misfit confidence limits on the best fitting stress state. This technique is applied to data published by Qian and Pedersen [1991]. Removing their constraint of a vertical principal stress direction reduces the misfit between the stress state and the breakout data. We find that the best fitting stress state they report with a vertical principal stress direction lies outside our 95% confidence limits. We also invert breakouts in the offshore Santa Maria Basin, California.
Introduction
Stress-induced borehole breakouts, observed on fourand six-arm dipmeter logs or acoustic televiewer logs from drill holes, are shear failures of the borehole wall that form centered at the azimuth of greatest compressive stress at the borehole wall, provided that this compressive stress exceeds the rock strength. If the borehole is vertical and aligned parallel to one of the principal stress axes, the breakouts will form at the azimuth of the far-field least horizontal principal stress, Sn. The orientation of borehole breakouts thus constrains the directions of the horizontal principal stresses Sn and SH. Breakout analyses in vertical holes are commonly If a drill hole is parallel to one of the principal stress directions, the rock strength and the relative magnitudes of the remaining two stresses affect the presence or absence of breakouts but not their azimuth in the borehole reference frame. The magnitudes of the principal stresses must be inferred by another technique rather than just by observations of breakout orientation.
The breakout width of the hole after breakout formation is controlled by the relative magnitudes of the principal stresses, so that if one of the principal horizontal stresses is known, and the rock strength is known or estimated, the magnitude of the other principal horizontal stress can be estimated [Moos and Zoback, 1990; Vernik and Zoback, 1992] .
However, in a nonvertical hole, or a hole oriented obliquely to the three principal stress directions, one does not necessarily need independent measurements of one principal stress to infer the relative magnitudes of another principal stress, because the magnitudes of the principal stresses, as well as their directions, influence the position of the maximum compressive stress at the borehole wall [Richardson, 1983] and hence the position at which breakouts would form. This fact was further elaborated by Mastin [1988] , who showed stereographic projections [Hobbs et al., 1976] indicating the direction of breakouts expected in variably oriented drill holes for different stress orientations and principal stress magnitudes. Thus, if several drill holes of different deviations are present in a given area, and if these drill holes are subject to the same stress tensor, the orientations of the breakouts in these holes may provide strong constraints on the orientations and magnitudes of the principal stresses at that location [Zajac and Stock, 1992] .
To plot the breakout data from arbitrarily oriented boreholes and the calculated breakout positions for theoretical far-field stress states, lower hemisphere stereographic projections of the borehole azimuth and deviation (e.g., Figure 1 ) are used.
This dependence of breakout position on the far-field tectonic stress is illustrated in Figure 2 , where we show patterns of breakout orientations that would be predicted for arbitrarily oriented drill holes subjected to drill holes [Mastin, 1988] . Lower hemisphere stereographic projections show the breakout orientations, projected onto the horizontal plane, for a variety of drill hole orientations and stress regimes. Solid circles are points at which the stress anisotropy is zero and corresponds to borehole orientations with no preferred breakout direction. The low maximum compressire stress at the borehole wall at these positions indicates that breakouts might be absent. If breakouts are present near the nodal points, however, they will change orientation rapidly as borehole orientations vary. In these figures, Poisson's ratio was taken to be 0.25, and the orientation of the maximum horizontal principal stress is always east-west for nondegenerate stress regimes. of $H --$v • $• (combined strike-slip and normal faulting) the two nodal points are horizontal again and aligned along the direction of $h; as the stress ratios progress through the normal faulting stress regime, the nodal points again approach the center of the plot. Although in theory these patterns will vary continuously as a function of the stress regime, our ability to resolve them depends on the distribution and quality of the data, particularly on the available borehole orientations. Since few drill holes approach the horizontal, data near the nodal points for some patterns may be hard to obtain. If the boreholes within a study region are all within 30 ø of vertical, then our ability to resolve the stress ratios will depend on the stress regime; stress ratios in normal faulting or thrust faulting stress regimes will be better resolved than those in strike-slip faulting stress regimes [Mastin, 1988] . However, in recent industry drilling programs it is common for boreholes to be deviated more than 30 ø. Our ability to resolve the stress state will also depend on the consistency of the data, since we assume that all data plotted or inverted together correspond to the same stress tensor, including both the orientations of the principal axes and the stress ratio, •b.
Reference Frames
Throughout this work we use two reference frames: the geographic reference frame and the borehole reference frame (Figure 3) . The geographic reference frame is an orthonormal reference frame with its X axis horizontal and pointing due east. The Y axis is also horizontal and points due north. The Z axis is perpendicular to both the X and Y axis and points up. This geographic reference frame will often be referred to as the XYZ reference frame for short.
The borehole reference frame stays aligned with the borehole axis as the borehole orientation changes with depth. So the orientation of this reference frame moves with respect to the geographic (XYZ) reference frame.
The axes are named I, J, and K and are oriented as follows. The K axis points up along the borehole axis, the J axis is perpendicular to the K axis and in the same plane as the K and Z axes, while I is perpendicular to both the J and K axes and lies in the horizontal plane. With this definition the J axis always points to the high side of the hole. If the borehole is vertical, then this coordinate system coincides with the geographic coordinate system. The borehole reference frame will be referred to as the IJK reference frame for short.
Two rotations are required to rotate a coordinate system that is initially aligned with the XYZ coordinate system into alignment with the IJK coordinate system. The first rotation about the Z axis rotates the geo-'graphic coordinate system clockwise by the angle • till The definition of angular measurements requires a special note for the two reference frames. We use the term "azimuth" to refer to a direction measured east from north in the geographic coordinate system. We do not use the term "azimuth" in the borehole coordinate system, since north is not a special direction in that coordinate system. Rather, all angles are measured counterclockwise from the I axis when one looks down the K axis. We use the word "azimuth" to refer to angles measured only in the geographic coordinate system and the word "angle" to refer to angles measured in the borehole coordinate system. When the two coordinate systems coincide, then the "azimuth" is calculated by subtracting the "angle" from 90ø:
azimuth -90 ø -angle.
Identification of Breakouts
Here we discuss criteria for identification of breakouts, and calculation of breakout azimuths, given either oriented four-or six-arm caliper data. Oriented four-or six-arm caliper data are measured on a variety of different well-logging tools, such as low-angle dipmeters, high-angle dipmeters, formation microscan- (Figure 2) show that in certain borehole orientations the breakouts are expected to be aligned with the high and low side of the hole. After initial data analysis, if we determine that some of these elongation directions are probably due to key seats, we remove them manually from the data set. We also note that Qian and Pedersen [1991] performed an inversion of a set of breakouts measured with four-arm dipmeter data containing radial breakouts ( Figure 7) . Finally, we add one more criterion, which discards breakouts with very large spalled regions, since other processes, such as wholesale failure along fault zones, might account for large spalled regions.
Calculation of Elongation Azimuths
Calculation of the elongation direction for a four-arm dipmeter is straightforward. We assume that the center of the dipmeter is located at the center of the borehole, so the elongation direction is parallel to the direction of the longer caliper arm. We also make the assumption that the borehole is symmetric about 180 ø , so that all elongation orientations lie between 0 ø and 180 ø without any loss of generality.
The six-arm dipmeter is similar to the four-arm dipmeter except that it has two extra arms and all of the arms are separated by 60 ø intervals. Calculation of the borehole elongation direction from a six-arm dipmeter is more complicated, since it is not as obvious that any one set of caliper arms will be aligned with the breakout. In addition, the extra two pads on the borehole wall may change the threshold of detection of breakouts, because the increased friction on the borehole wall requires less ellipticity to counteract tool torque. We are not aware of any study in which the breakout directions calculated from a six-arm dipmeter have been compared to those found either from a borehole televiewer tool or from a four-arm dipmeter.
Here we describe two methods of calculating the elongation direction from six-arm dipmeter data. The first method uses the orientation of the longest caliper arm as the elongation direction. However, the longest caliper arm may not track the breakout, so the second method, which we use on our data, fits an ellipse to the caliper arm data and takes the orientation of the semimajor axis as the elongation direction.
We briefly describe the second method here. The six-arm dipmeter measures three independent diameters that are separated by 60 ø. These three values define three vectors, which originate at the origin of a suitable coordinate system and are separated by 60 ø intervals. We assume that the three vectors constrain an ellipse centered at the origin of the coordinate system. We parameterize the orientation of this ellipse, using 0, the angle between the semimajor axis of the ellipse, and the direction of caliper arm I ( 
Inversion of Borehole Breakout Data
In this section we describe the steps taken after a dipmeter data set is gathered to determine the stress state that best describes the data. Briefly, the steps are 
Run a N-dimensional optimizer with the re-
suits from the GA to find the minimum misfit.
6. Calculate error bounds on the best fitting stress state.
Calculation of Borehole Elongation Directions
Each data point used in the inversion consists of three values: the XYZ borehole azimuth, the borehole deviation, and IJK elongation angle. The IJK elongation angle is used in preference to the XYZ elongation az-imuth, because at large borehole deviations, XYZ elongation azimuths will lie predominantly 90 ø away from the borehole azimuth. The relationship between the IJK elongation angle and the XYZ elongation azimuth is not linear, so calculation of the misfit between XYZ elongation azimuths would not be representative of the real difference between IJK elongation angles.
Typically, calculating the IJK elongation angle involves several different steps depending on the types of available data. Different dipmeters measure different angular quantities recording the orientation of the dipmeter's caliper arms, either the relative bearing or the pad I azimuth. If the relative bearing is measured, then we subtract the relative bearing from 90 ø to get the IJK elongation angle, since the relative bearing is measured with respect to the J axis. However, if the pad I azimuth is measured, we calculate the IJK angle that expresses the same vector direction as the pad I azimuth for the caliper arm. Depending on the age of the logging tool and the type of tool used to log the hole, we might need to make a magnetic declination correction for all geographic azimuths that the tool measures, such as the pad ! azimuth and the borehole azimuth.
Binning of Breakout Data
After identification of the breakouts from a set of wells, lower hemisphere stereographic projection plots of the breakouts may show a large degree of scatter in the breakout angle. In this case, to simplify the subsequent inversion, we may bin the data into equalarea borehole azimuth versus borehole deviation bins.
We use the technique of Mardia [1972] to calculate a weighted average and a weighted standard deviation of a set of breakout angles. We weight the data linearly with the breakout's length and inversely with the standard deviation of the IJK breakout angles over the length of an individual breakout.
Stress State Parameterization
A stress tensor can be described in a number of ways.
We would like a parameterization of the stress tensor that separates the magnitudes of the principal stresses from the orientation of the principal stress directions.
We choose to parameterize the stress state with four parameters: three Euler angles and the stress state ratio •b (equation (1)). Euler angles are three angles that describe three successive rotations about various coordinate axes and are a natural representation often used to completely describe the orientation of a set of axes attached to a body in space [Goldstein, 1950] . We use this formalism to describe the orientation of the eigenvectors of a stress tensor.
Since the stress tensor is completely described by six parameters and three of the parameters describe the stress state orientation, the two parameters we are not parameterizing describe the magnitudes of the principal stresses. We can parameterize the magnitudes of the principal stress directions as
Examination of equations (4) through (7) shows that the location of the greatest compressive stress, al, is unaffected by the constant multiplicative factor a in equations (8) [Holland, 1975; Davis, 1987; Goldberg, 1989 ] is applied to the problem to find an approximate best fitting stress state, using the stress state parameterization described above, con- We run our GAs with populations of several hundred chromosomes for several hundred generations. Since GAs do not guarantee that they find the optimal solution to a problem, we take the particular stress state corresponding to the minimum misfit observed for all of the GA runs completed as the starting point for a general N-dimensional optimizer routine. We use the Powell optimizer as described and coded by Brent [1973] . This particular optimizer does not require the use of derivatives of the function it is trying to optimize, a feature that makes it attractive for the borehole breakout problem.
Experience with various breakout data sets has shown that starting the Powell optimizer with a purely random stress state does not lead to a global minimum of the one-norm misfit, even for theoretically generated breakout data. The GA thus supplies an important first step in efficiently searching the space of stress states for good starting stress states for the Powell optimizer. In practice we run roughly several hundred separate GAs, each with different random numbers, to make sure we find the global one-norm misfit minimum. Even though we use the Powell optimizer after the GA, the misfit is not a smooth function of the stress state, since different G A and Powell runs find different local minima. We could have chosen to start a GA search around the results of the Powell search, but we choose not to do so, since such a search would probably not improve the results all that much.
Confidence Limits
For the results of the stress state optimization to be of any worth the confidence limits in the results must be determined.
We determine the confidence limits on the best fitting stress state, using a modification of Gephart It should be stated that we are not considering the distributions of m values calculated in searching for the best fitting model for our single experiment. In our single experiment the best model has an misfit m at one end of a distribution of misfits corresponding to slightly different stress states. Instead, consider that when the best model for our experiment has been identified, all of the other possible stress states for the data in this experiment are ignored. Here we consider the distribution of best fitting models, or misfits, that would be found if we were able to redrill all of the holes along the same well paths and measure the breakout orientations Since we have a code that calculates M(P, n), there was no reason to make this assumption.
•-n • 0.79788n.
Parker and McNutt [1980] also wrote a program, which, given a probability P and n, calculates the misfit M such that the probability is P that m _< M. In other words, this program finds M(P, n) such that the integral from -•x• to M of the one-norm distribution is P for a one-norm distribution of the order of n. We use M(P, n) later to calculate the 95% confidence limit.
To find the 95% confidence limit, we begin by defining Y•-min to be the minimum misfit observed in our search for the best fitting model. We then assume that this particular one-norm misfit corresponds to the mean misfit of a one-norm distribution. Of course, the mean misfit and the minimized misfit will differ, so we assume that we incorrectly estimated the errors, aj, in our mis- 
To compare the inversion technique of Qian and Pedersen [1991] with the genetic algorithm and Powell op-
timizer technique described above, we "inverted" their data set, using our technique. The data set was not gridded, since it shows a large amount of consistency. The breakout data are best described by a thrust faulting stress state in which $• is oriented N106.8øE plunging 3.5 ø. $2 is also almost horizontal, oriented N16.7øE, plunging 2.5 ø. Finally, $s is almost vertical, plunging 85.7 ø at an azimuth of N251.7øE (Table 1) In Figure 9 we plot the 95% confidence limit (thick solid line), the weighted one-norm misfit as a function of •b using the Euler angles from the best fitting model All four wells were drilled from the same platform and all of the dipmeter data lies within a 4.3 km radius of the platform. Table 2 lists the type of tool used to log the hole and some of the properties of the wells, including the logged depth interval, the depth interval of processed dipmeter data, and the maximum deviation of the well over the processed interval.
To analyze the well log data for the ambient tectonic stress, we ran the raw dipmeter data through a series of steps. The steps were as follows: 4. Calculate the borehole elongation direction, using the four-and six-arm technique described above. These data are plotted at every meter in Figure 11 as lower hemisphere stereographic projections of the bore- For well A-13 we received two separate paper logs. "Logged depth" is measured along the well bore but is greater than the true vertical depth where the borehole is deviated. 5. Select breakouts from the borehole elongation data, using the breakout selection criteria described above. As an example we show the calibrated caliper and declination-corrected digitized dipmeter data and derived quantities as a function of log depth with the selected breakouts from well A-1 in Figure 12 . Figure 14 shows all of the selected breakouts in the Point Peder-_ hales data. We did not manually remove any breakouts due to key seats from the breakouts selected by computer. Note that no breakouts were found in the data from well A-7 because of the odd character of the data from the caliper arm, which routinely showed caliper arm diameters quite a bit larger and smaller than the bit size and caused the data to fail at matching criterion 3 described earlier. Since well A-7 was the only well logged with a six-arm dipmeter, the particular technique used to calculate six-arm borehole elongation angles becomes moot.
In Figure 13 we plot a histogram of the angular differences between the location of the high and low sides of the borehole and the breakout angle measured in the plane perpendicular to the borehole axis for all of our selected breakouts. There is roughly a 20 ø spread of breakout angles about the high side of the hole. These data show the same clustering of breakout angles near (Figure 7 ).
6.
Invert the selected breakout data for the best fitting stress state, using the combined GA and Powell optimization technique described above. The results of the inversion are shown in Table 3 (Table 3) .
The best fit orientation of the greatest principal stress direction, $1, is N148.5øE, surprisingly more east of south than is to be expected. However, the 95% Confidence levels on the $1 direction would permit it to lie in the azimuth range from N143.0øE to N198.1øE (Figure 15) . Given the relative shallowness of the breakout data, the deepest breakout being 1.2 km deep, the stress state has no principal vertical stress direction. The minimum stress, ils, is the closest principal stress direction to vertical, being 31.9 ø away from vertical.
This finding does not agree well with the regional breakout, focal mechanism, hydraulic, and geologic data presented by Mount 
Conclusion
We developed a technique using genetic algorithms and a Powell optimizer whereby borehole breakout data from variably deviated boreholes are used to constrain the orientation of the principal stress directions and their relative magnitudes. Some of the advantages of If the regional stress state is either normal or thrust faulting, then the breakout pattern nodal points are likely to be found at low borehole deviations, resulting in a good determination of the principal stress directions and the stress state •b ratio. If the regional stress state is strike-slip or has a large amount of strike-slip faulting in it, then highly deviated boreholes are required to constrain the stress tensor.
We applied our technique to the Qian and Pedersen Finally, we inverted a breakout data set from the offshore Santa Maria Basin, California, and determined that the maximum principal stress direction is oriented N148.5øE and plunges 31.5 ø. The 95% confidence lim-its on the •ql azimuth are N143.0øE to N198.1øE. The inversion also yielded a stress state in which none of the principal stresses are vertical. The S3 direction is the principal stress closest to vertical, making a 31.9 ø angle away from vertical. This is a highly nonvertical stress for being within 1.2 km of the surface.
Because of the highly variable borehole azimuths and deviations of wells drilled from offshore platforms and because oriented caliper data are generally recorded for such wells, a large quantity of data probably exist that can be inverted by using our technique. If more detailed borehole imaging is available to constrain breakout orientations (e.g., formation microimaging, borehole televiewer), this technique can also be applied with a higher degree of confidence regarding the quality of breakouts used in the analysis.
